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ABSTRACT

INTERPLAY OF STRUCTURE AND DYNAMICS IN BIOMATERIALS
Preeti Vodnala, Ph.D.
Department of Physics
Northern Illinois University, 2017
Dr. Laurence Lurio, Director

Study of structure and dynamic behavior is essential to understand molecular motions
in biological systems. In this work, two biomaterials were studied to address membrane
properties and protein diffusion. For the first project, we studied the structure of liposomes,
artificial vesicles that are used for drug encapsulation and administration of pharmaceuticals or cellular nutrients. Small-angle x-ray scattering (SAXS) was used to determine the
structural properties of different liposomes composed of egg-PC and cholesterol bilayer. We
examined the location of cholesterol by labelling cholesterol with bromine molecule and reveal that cholesterol is located one side of the leaflet adjusting itself to the curvature of a
liposome. In my second project, we studied the dynamics of concentrated suspensions of alpha crystallin, one of the most abundant proteins in the human eye lens using X-ray photon
correlation spectroscopy (XPCS). An improved understanding of dynamics could point the
way towards treatments presbyopia and cataract. The dynamics were measured at volume
fraction close to the critical volume fraction for the glass transition, where the intermediate
scattering function, f (q, τ ) could be well fit using a double exponential decay. The measured
relaxation is in reasonable agreement with published molecular dynamics simulations for the
relaxation times of hard-sphere colloids.
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CHAPTER 1
INTRODUCTION

1.1

Introduction

Many biomolecules form complex and highly ordered structures. There has been a continuous exploration to understand the structure and functions of these complex bio systems.
When looking at different hierarchic structures of biological systems, we find that these
structures are not rigid structures but undergo fluctuations. Fluctuations are pervasive and
fundamental to the functioning of molecular scale structures in biological systems. Random thermal motion or kinetic energy of the atoms is the origin of these fluctuations [1].
Diffusion governs transport mechanism in micro molecules such as proteins, enzymes, fibre
cell membranes etc. These molecules are not rigid structures but are dynamic and undergo
conformational fluctuations while performing its function. Thus, defining static structure
and understanding dynamic properties has been a challenge in biophysics [2, 3].
Cell membrane, one of the main structural components of complex biological systems, is
a selectively permeable barrier that mediates the interaction between the cell or organelles
and their environment. They exhibit both functionalities like flexibility to adapt to external
perturbations and robustness to keep themselves from developing strong deformations. Many
factors that determine the functioning of cell membranes are their processes like inter membrane transportation, signal transduction and membrane fusion. These properties depend on
the fluidity of the membrane lipids. Membranes transition from the rigid bound state to the
fluid unbound state when the temperature goes beyond their melting temperature. Mem-
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branes go through conformational changes to adjust to temperature and osmotic conditions.
Organisms maintain the fluidity of their membrane either by increasing the unsaturated
bonds between lipids hydrocarbon chains or by increasing the amount of cholesterol within
their membranes [4].
The basic building blocks of a cell membrane are phospholipids, proteins and sugar
groups [5, 6]. When Phospholipids come in contact with aqueous solutions, they arrange
themselves into bilayers. The hydrophobic tail regions orient away from water, and the
polar hydrophilic head groups are attracted to water. This process is an example of the
hydrophobic effect that requires large entropic energy and therefore is unclear. The preferred
state would be to form closed spherical structures with no edges called vesicles or liposomes.
The lipid membrane undergoes conformational transformation to a vesicle, and the thermal
fluctuations and membrane interactions occurring during this process raise importance in
understanding concepts such as bending rigidity and curvature [7]. Adding cholesterol to
lipid bilayers changes membrane fluidity based on lipid composition and temperature [8].
Membrane fluctuations in vesicles occur on various length scales, from molecular dimensions to the size of lipid membranes. Not all of them can be perceived by a microscope.
When the order of wavelength is around the membrane thickness, thermal fluctuations at
the lipid water interface also become important. These fluctuations cause deformations in
lipids and roughen the interface by changing the surface area. Therefore, it becomes important to study both static and dynamic structures of lipid membranes to understand this
complex membrane architecture [9].
My thesis was particularly motivated by two applications that require understanding of
structure and dynamics of biomaterials. The first biomaterial of interest is the liposome that
is used for encapsulation of drugs and allows controlled release of pharmaceuticals. In particular, liposomes were prepared for the purpose of use in ocular drug delivery systems where
small diameter liposomes are necessary to avoid optical scattering. Liposomes composed
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of lipids with various amounts of cholesterol were being prepared to understand a stable
liposome. We used small angle x-ray scattering (SAXS) to study the structural properties
of these small unilamellar vesicles (SUV). Although SAXS has poorer resolution relative to
methods that can work with oriented samples, such as crystallography or reflectivity, it has
the significant advantage that it can probe free-floating liposomes, models that are more
applicable to pharmaceutically and biologically relevant systems. This project is discussed
in detail in Chapter 2.
The second biomaterial of interest is alpha crystallin, a major component of the eye lens.
Healthy eye lenses are transparent and have high refractive indexes that are maintained by
a uniform distribution of proteins. Protein aggregation makes the lens cloudy, and is believed to be the cause of cataract formation which is a leading cause of blindness. The eye
lens is flexible and adapts its shape to focus objects on the retina. An aging lens looses its
flexibility leading to a condition called presbyopia. So, understanding the functionality of
alpha crystallin can answer many questions pertaining to issues such as the protein crystallization, viscosity and elastic behavior. The correlations for a simple hard sphere are known
and therefore modeling these globular proteins by a collection of slightly poly-dispersed hard
spheres can shed light to dynamics close to the glass transition. I used static and dynamic xray scattering to examine solutions of alpha crystallins at concentrations up to those present
in ocular lenses. X-ray photon correlation spectroscopy (XPCS), is the x-ray analog of dynamic light scattering (DLS)[10, 11]. Due to the shorter wavelength of x-rays, XPCS can
probe much smaller length scales. Since these experiments employed high intensities of xrays, one major concern is the radiation damage caused to alpha crystallin proteins. We also
evaluated whether dynamics measured using XPCS are compromised by radiation-induced
aggregation. This project is discussed in detail in Chapter 3.
In the next section, I will provide brief description of scattering techniques that I used
in my thesis.
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1.2

1.2.1

X-ray Scattering Techniques

Small Angle X-ray Scattering

X-rays are a form of electromagnetic radiation on the order of 100eV to 100KeV photon
energies. X-rays wavelengths are comparable to the size of atoms and hence they are ideally
suited for probing the structural arrangement of atoms and molecules [12]. X-rays can be
produced by a x-ray tube or synchrotron radiation. In a synchrotron, charged particles move
at high speeds in a circular particle accelerator, guided by the magnetic field. During the
bending, x-rays that are much powerful than the ones produced by an x-ray tube are emitted.
X-rays interaction with matter results in two ways: either scattering of x-rays by individual electrons and or interference of waves scattered by these primary events. The terms
diffraction and scattering are commonly used without a clear distinction. The term ”diffraction” is mostly used to describe when the sample is crystalline or the scattering is sharp
from a concentrated sample space. But when the scattering is more diffuse or for small angle
regions, the term ”scattering” is used.
When X-rays with an incident wave, E0 ei(k̂.r̂−wt) strikes an object, the electrons in the
object oscillate in response to the electromagnetic field and emit radiation resulting in a
scattered wave, Es ei(k̂.r̂−wt) . If the wavelength does not change, the radiation is known as
elastic scattering.
At small angles, incident wave vector k~i is almost equal to the scattered wave vector k~s
and the scattering vector q is given by |~q| = k~s − k~i and the magnitude is given by below
equation.

|~q| = 4π sin (θ/2) /λ

(1.1)
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Figure 1.1: Setup of SAXS experiment [13].
The scattering intensity as a function of the scattering angle is measured and is proportional to the Fourier transform of the electron density. Thus, the structure of materials can
be probed by x-ray scattering techniques. [14] Scattering measurements are typically characterized by differential scattering cross-sections

dσ
.
dΩ

The differential scattering cross-section

is defined as the ratio of number of photons detected per unit time per unit solid angle dΩ
to the incident flux Φ0 where I, is scattered intensity.
dσ
I
=
dΩ
Φ0 Ω

(1.2)

For a single atom, the differential cross-section is given to be
dσ
= re2 P f (q)2
dΩ
where re =



e2
4π0 me c2



is the classical electron radius and P =

(1.3)
1+cos(θ)2
2

is the factor that

accounts for polarization of light. For small angles, polarization factor, P can be ignored
because cos(θ) = 1. The atomic form factor, f (q), is defined by

f (q) =

Z

ρ(r)ei~q.~r d3 r̂

(1.4)
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Now for a material with N number of atoms, inter-atomic correlation must also be considered and the Equation 1.3 is defined as
dσ
= Np (4ρ)2 Vp2 P (q)S(q)
dΩ

(1.5)

where Np is the number of particles per unit volume, Vp is the volume of individual
particle, 4ρ is the excess electron density (ρp − ρs ), P (q) = |f (q)2 | is the atomic form factor
that is due to scattering from individual particle, and S(q) is the particle structure factor
that contains particle-particle interaction information [15].
For a dilute solution, where the particles are widely spread, S(q) = 1 and the total
scattering is only due to individual particles and the form factor, the Fourier transform
of electron distribution, can be calculated explicitly for a number of simple shapes. For a
spherical particle of radius R with uniform density ρ0 is defined by

ρ(r) =






ρ0 , r <= R,





0,

(1.6)

r >= R,

Substituting in Equation 1.4 and evaluating the Fourier transform, we can obtain form
factor

fsphere (q) = 4π

Z R
0

!

sin (qr) 2
ρ (r)
r dr
(qr)

(1.7)

and integration yields
4
3(sin(qR) − qR cos(qR))
fsphere (q) = πR3
3
(qR)3

!

(1.8)

For a concentrated solution, there is correlation between particles and structure factor
becomes an important attribute. At (q = 0), the scattering intensity is due to the osmotic

7
compressibility and therefore as the concentration increases, there is repulsion between particles and thus scattering intensity reduces. The structure factor contains information related
to particle interactions and is the Fourier transform of the radial distributed function for a
pair of scattering particles, g(r). Direct interactions between the pair of interacting particles
are represented by the direct correlation function, c(r), whereas interactions through other
particles are represented by total correlation function h(r) = g(r) − 1. The Ornstein-Zernike
(OZ) equation is a relation between direct correlation function and total correlation function
and can be solved by adding another Percus-Yevick (PY) closure equation given by

c(r) = g(r) [1 − exp (u(r)/KB T )]

(1.9)

Griffith et al. [16] have used a Γ (Schulz) distribution and provided with analytical solutions
to the OZ equation for a sphere of diameter d with hard-sphere interaction potential u(r)
given by
u(r) =






∞, R > d,





0,

(1.10)

R < d,

and the structure factor is given by

S(q) = 1 + Np

1.2.2

Z

4πr2 [g(r) − 1]

sin(qr)
dr
qr

(1.11)

X-ray Photon Correlation Spectroscopy

X-ray photon correlation spectroscopy (XPCS) is a technique analogous to Dynamic light
scattering (DLS) but which uses x-rays instead of visible light. XPCS uses coherent x-rays to
probe dynamics of time scales from seconds to microseconds and length scales from microns
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to nanometers. Figure 1.2 shows a comparison of the techniques used for different length
and time scales. XPCS can measure slow dynamics 107 − 103 Hz in a wave vector, q ranging
from 103 Å−1 up to few Å−1 .

Figure 1.2: Time and space lengths of different scattering techniques [17].
XPCS can be used to extract information on particles suspended in a liquid. In very
dilute suspensions, spherical particles undergo brownian motion and XPCS monitors the
motion. When a coherent beam of light or x-rays interact with particles in a solution, the
beam is scattered randomly and leads to either constructive or destructive interference. A
speckle pattern is produced due to the spatial arrangement of molecules. If the particles are
moving, then there will be time-dependent fluctuations in scattered intensity which can be
directly related to the rate of diffusion of the molecule through the solution. Information on
the fluctuations can be extracted from the experimentally determined normalized intensity
auto correlation function given below.
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g2 (t) =

hI(t)I(t + τ )i
hI(t)i2

(1.12)

Here I(t) is the averaged scattered intensity at time t and I(t + τ ) is at a later time τ .
This auto correlation function can be related to the intermediate scattering function (ISF)
g1 (t) through the Siegert relation

g2 (t) = 1 + β [g1 (t)]2

(1.13)

where β is the system related contrast factor. For a monodisperse dilute system, g1 (t)
will decay at rate Γ and is related to ISF as shown below.

g1 (t) = e−Γt

(1.14)

and Γ is related to the diffusion coefficient

Γ = Dq 2

(1.15)

For spherical particles suspended in a liquid, diffusion constant D and viscosity η are related
by Stokes-Einstein relation

D=

kB T
6πηRh

(1.16)

where Rh is known as hydrodynamic radius, is the apparent radius of the spherical particle
changed due to hydration in the solution.

CHAPTER 2
CHOLESTEROL PARTITIONING IN UNILAMELLAR
VESICLES BY SAXS

2.1

Introduction

In eukaryotic cells, the plasma membrane isolates the interior cells from the outside
environment, protects them from foreign organisms, regulates the ionic environment, and
supports membrane proteins that regulate signaling between cells [18]. According to the
fluid mosaic model of membrane structure, the plasma membrane consists of four main components: phospholipids, cholesterol, membrane proteins and carbohydrates. Phospholipids
usually in a form of a bilayer form a barrier and isolates the cell membrane from the external
environment. Cholesterol is another lipid that is embedded in the core maintains fluidity
and stability of the membrane. Membrane proteins are either located inside or on the cell
membrane provide pathway for molecules to pass through the membranes and carbohydrates
provide unique identity markers for each cell type.
Phospholipids are amphiphilic molecules that consists of a polar head group, glycerol and
hydrocarbon tails as shown in Figure 2.1. The head group is a polar phosphate group that
is hydrophilic and forms hydrogen bonds with water molecules. Glycerol is the backbone of
the phospholipid and is attached to the head group. The tail consists of two hydrocarbon
chains that are hydrophobic and do not like to interact with water [19]. The carbon bonds in
the fatty acid tail can be saturated or unsaturated affecting the membrane fluidity. Double
bonds in the unsaturated chain creates a kink and bends the chain making the membrane
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more fluid whereas a saturated tail groups is more rigid and viscous. Membrane fluidity is
also dependent on temperature and cholesterol embedded in the membrane minimizes the
effects of temperature on fluidity.

Figure 2.1: Phospholipid with phosphate head and hydrocarbon tail.
When phospholipid lipids are dissolved in water, they can form structures like monomeric
lipids, micelles, bilayers, lamellar phases and non-lamellar phases such as cubic, hexagonal,
and sponge phases. But the most common stable form is a bilayer with their hydrophilic
head and hydrophobic tails as shown in Figure 2.2.
Phospholipids bilayers enclosed in a spherical vesicle like structure containing a core aqueous solution are called liposomes as shown in Figure 2.3. Liposomes are microscopic spherical
vesicles consisting of at least one or more phospholipid bilayer membranes. They can be composed of lipids that are naturally-derived like egg-PC or pure like DPPC. Liposomes serve
as a model system to help understand the properties of eukaryotic cell membranes. These
liposomes are soluble in extracellular fluid and can fuse with the cell plasma membrane, thus
enabling them to deliver both hydrophilic and hydrophobic cargo into the cell [21].
Encapsulation of drugs in liposomes has been an ongoing research topic in novel drug
delivery systems. In particular, one wants to achieve a controlled release and sustained drug
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Figure 2.2: Structure of Phospholipid bilayer [20].
delivery to a specific site in the human body. Vesicles are biodegradable and entrapping drugs
have advantages like prolonged existence of the drug associated with a controlled release and
incorporation of both hydrophilic and hydrophobic drugs [23, 24, 25, 26]. The ability to
rationally design liposomes for specific applications would speed up drug development and
enhance the delivery process [27, 28, 29, 30]. The present study of liposome structure was
motivated in particular by the pharmaceutical application of intravitreal ocular drug delivery
where small diameter liposomes are necessary in order to avoid optical scattering. Improving
drug delivery for intravitreal injections is great demand due to high costs and low patient
compliance for the current recommended dosing schedule [31, 32, 33]. While some ophthalmic
liposomal systems have been proposed, these systems lack structural characterization on a
molecular level [34, 35, 36, 37]. Understanding the physical structure of these liposomal
systems can result in an improved formulation that can be customized for ocular drug delivery
systems.
Many properties of liposomes influence their utility as drug transport carriers. These
properties include their stability, bilayer flexibility, compatibility with various proteins and
small molecule pharmaceuticals, and their ability to merge with various cell membranes
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Figure 2.3: A unilamellar vesicle consists of one lipid bilayer [22].
[38, 39, 40]. These properties can be tailored by adjustment of lipid and cholesterol content
and eventually determining the formulation for the intended use of liposomes [41]. The formulations can also cause hydrophobic mismatch, change in charge distribution and stiffness.
[42, 19, 39, 43, 44, 26].
Various methods have been explored to characterize the structure of liposomes and their
interactions with pharmaceuticals. For example calorimetry, nuclear magnetic resonance
(NMR) [45, 46], electron spin resonance (ESR), x-ray diffraction [47], vibrational spectroscopy, freeze-fracture electron microscopy, and small angle x-ray [30] and neutron scattering [48, 50] have been used to study thermal magnetic [49] and electrical characteristics of
liposomes and their stability. X-ray and neutron diffraction studies have been implemented
to study the structural and dynamics of lipid bilayers in gel or liquid-crystalline phase form
[51, 30]. These studies are able to determine distances between polar head-group regions,
volume filled by hydrocarbon chains, area per lipids and show locations of cholesterol and
proteins [52, 45, 53, 39, 49]. Miller et al. [54] have used x-ray reflectivity to study oriented
single lipid bilayers. Later, Daillant [55] and co-workers have shown an increase in thermal
fluctuations by floating a second bilayer on top of the first. Furthermore, Decaro and Salditt
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[56, 57] have extended the study by floating multilamellar systems supported on solid substrates. Studies determining the location of cholesterol have found that the acyl chain of
cholesterol is associated with the hydrocarbon region of the bilayer and the hydroxyl group
is closer to the lipid-water interface [46, 47, 58]. Thus, it is of great importance to study
the structure of unilamellar vesicles in order to get a full understanding of free floating and
curved membranes.
A number of computational simulations have been reported using various modeling techniques. Simulations like molecular dynamics, dissipative particle, and coarse gain mean-field
theory are a valuable complement to experiments as they can provide insight into molecular level properties of membranes, particularly to the curvature of liposome systems. Such
studies can correlate structure with dynamics, such as the time required to assemble liposomes from solution, the exchange of molecular components between leaflets and the thermal
shape fluctuations. The partitioning of individual lipids has been of particular interest, as
biological membranes often show asymmetry in lipid partitions [59, 60, 61, 62]. Computer
simulations have been performed to shed light on the mechanism of this partitioning. Using
coarse grained molecular components, Sharma et al. examined the self-assembly of liposomes
and found that cholesterol could rapidly exchange between leaflets [63]. This indicated that
the unequal partitioning of cholesterol as found in synaptic membranes must be maintained
through an active mechanism. Kuc̃erka and collaborators combined molecular dynamics
simulations with experimental x-ray and neutron scattering results allowing them to use
constraints from experimental results on the simulations [59]. They found that in short
chain lipids, the cholesterol orients parallel to the phospholipids in a mixed membrane [59]
and in long chain lipids cholesterol, cholesterol molecules could also be found lying parallel
to the membrane surface. Marrink et al. [64] have used coarse grained molecular dynamics
simulations to study the spontaneous formation of DPPC lipids into small unilamellar vesicles and have compared electron density distribution of lamellar phase bilayers to bilayers in
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a vesicle form. They reveal asymmetry in headgroup peaks, shrinking of bilayer thickness,
asymmetry in distribution of tail groups in vesicle formation compared to lamellar phase
bilayers .

2.2

2.2.1

Material and Methods

Sample Preparation

Liposomes were prepared using a mixture of phosphatidylcholine (PC) derived from egg
yolk, and either brominated cholesterol or cholesterol with molar ratios of 8:2 (PC:Cholesterol)
and 8:4. Cholesterol-containing liposomes were prepared using the ethanol injection method
[65]. An amount of 40.0 mg of PC and 5.0 mg (8:2) or 10.1 (8:4) mg of cholesterol were
dissolved in 1 mL of ethanol. The lipid and cholesterol mixtures were aliquoted into 0.500
mL volumes. One aliquot (0.500 mL) was injected at a rate of 4.5 mL/hour into 10 mL of
water. The solution was allowed to stir using a magnetic stir plate while the injection process took place. Liposomal solutions were bubbled under argon gas for 20 minutes to ensure
removal of excess ethanol. Brominated cholesterol-containing liposomes were prepared using
the lipid hydration method [19, 40]. An amount of 40.0 mg of egg PC and 7.1 mg (8:2) or
14.2 mg (8:4) of brominated cholesterol were dissolved in 1.000 mL of a 4:1 mixture of HPLC
grade chloroform and HPLC grade methanol. The solution was dried using argon gas in a
single layer in a round bottom flask and lyophilized overnight to ensure removal of all organic
solvents. The dried lipid layer was hydrated using water heated to 40 C and allowed to stir
in a water bath of 40-45C for 1 hour. Due to the mixture of lipids in egg PC, the temperature was kept above all transition temperatures of all lipids. Mass spectrometry (Thermo
Finnigan LCQ Advantage) was performed on lipids before and after liposomal preparation
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to ensure the method showed no degradation occurred at these temperatures. All liposomal
solutions were extruded using a 10 mL pressurized Lipex extruder at 100-300 psi. Using 200
nm and 100 nm filters consecutively, the solutions were extruded at least 10 times per filter
or until solution was no longer cloudy. The solutions were stored at 4C.

2.2.2

2.2.2.1

Methods

Dynamic Light Scattering

Dynamic light scattering measurements were performed using a Brookhaven BI-200SM
research goniometer setup and laser light scattering system (5mW HeNe laser, λ=632 nm)
using CONTIN software. Normalized intensity auto correlation g2 functions were measured
using the BI-9000AT Digital Autocorrelator. Measurements were done at temperature 20◦ C.
Using cumulant analysis, liposomes average particle size, size distribution and polydispersity
were measured. Polydispersity was used to determine the accuracy of the data and to verify
both the formation of SUVs and homogeneity of the particles0 size.

2.2.2.2

SAXS setup

Small angle x-ray scattering (SAXS) measurements were performed at beamline 12-IDC,D of the Advanced Photon Source at Argonne National Laboratory. Dilute (typically 1
% volume fraction) samples were used to minimize liposome aggregation and x-ray damage
was minimized via continuously flowing the sample through the x-ray beam. Background
measurements were made after flushing the sample from the flow cell and replacing with
water solution. This method provided excellent subtraction of parasitic scattering upon
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subtraction. Scattering was collected using a phosphor CCD area detector located at 2259
mm from the sample. The scattering flight path was under vacuum and included an invacuum beamstop to minimize parasitic scattering.

2.3

Data Analysis

SAXS from liposomes can be analyzed by approximating liposomes as spherical shell
particles of radius R filled with an aqueous water solution. As discussed in Chapter 1, the
measured SAXS intensity is given by I(q) ∝ hf (q)2 S(q)i where hf (q)2 i is the form factor and
S(q) is the structure factor. In the present case, S(q)=1 because the vesicles do not interact
with each other. F(q), the bilayer form factor is the Fourier transform of electron density
ρ(r) of the bilayer. We model our density profile a a sum of three Gaussians representing
a typical bilayer by two lipid head groups peaks with tail group distribution between them.
The inner and outer peaks are positive amplitude Gaussians, representing the excess electron
density associated with the phosphate head groups of the inner and outer leaflet. A negative
amplitude Gaussian represents the lower density of the hydrocarbon tail groups relative to
the water. This structure corresponds approximately to the more accurate density profiles
obtained using diffraction in the multilayer phase by Chu et al. [51] and also with results
found by Brzustowicz and Brunger for SAXS from pure SOPS vesicles [52].

D

hI (q)i ∝ F (q)2

E

(2.1)

For a spherically symmetric particle, the form factor is given by

F (q) =

4π Z
4ρ (r) r sin (qr) dr
q

(2.2)
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where 4ρ(r) is the excess electron density relative to water. In the present case the
vesicle radius of R=60nm was sufficiently larger than the vesicle wall thickness ≈4 nm that
Equation 2.2 could be approximated by
4πR Z
F (q) =
4ρ (r) sin (qr) dr
q

(2.3)

The excess electron density, 4ρ at the liposome wall, a phospholipid bilayer, can be
modeled by sum of Gaussian profiles representing the inner head group, the combined tail
groups and the outer head group of the bilayer.

4ρ (r) =

n
X

4ρk e−(r−(R+δk ))

2

/2σk2

(2.4)

k=1

where ρ is the amplitude, δk the position, and σk the uncertainty for each Gaussian shell.
Substitution of Equation 2.3 into Equation 2.2 and using the substitution u = r − (R + δk )
gives
n
X

Z
4πR
2
2
4ρk e−u /2σk sin [q (u + R + δk )] du
F (q) ≈
k=1 q

(2.5)

Expanding the sine function gives

F (q) ≈

n
X

Z
4πR
2
2
4ρk e−u /2σk sin [(qu)] cos [q (R + δk )] + cos [(qu)] sin [q (R + δk )] du (2.6)
k=1 q
2 /2σ 2
k

which can be simplified to the equation below since e−u

is an even function so that

the integral of sin (qu) equates to zero.
n
X

Z
4πR
2
2
F (q) ≈
4ρk e−u /2σk cos (qu) sin [q (R + δk )] du
k=1 q

Evaluating the integral gives

(2.7)
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F (q) ≈

n
X

(2π)3/2 R
2 2
4ρk σk e−q σk /2 sin [q (R + δk )]
q
k=1

(2.8)

Finally squaring the above equation because the intensity is proportional to the square of
F (q). There is sufficient polydispersity in the radii of the vesicles that the oscillations in the
D

E

sine function can be averaged over and we can approximate sin2 (qR) = hcos2 (qR)i =

1
2

and hsin (qR)i = hsin (2qR)i = 0 This then gives

|F (q) |2 ≈

n
8π 3 R2 X
2
2
2
4ρk 4ρj σk σj e−q (σk +σj )/2 cos [q (δk − δj )]
2
q
j,k=1

(2.9)

The above equation was previously derived by Brzustowicz and Brunger [52] although
their result differs by a constant in the beginning of the equation. The constant value from
my derivation 8π 3 would only have significance for a measurement calibrated on an absolute
scale, which is not relevant in the present case.

2.4

Results

Unilamellar lipid vesicles composed of egg PC and cholesterol at 40 mg/ml were exposed
to synchrotron x-rays and the x-ray scattering intensity from liposomal solution was captured
as a series of images by CCD camera. The samples with respective compositions and labelling
are shown in below Table 2.1.
Two sets of vesicles, one 8:2 molar ratio’s of lipid cholesterol ratio and 8:4 molar ratio’s
of lipid cholesterol ratio were also studied. In order to understand the interaction and
stability of cholesterol, brominated cholesterol liposomes were studied. Bromine was used
since its electron density was sufficiently high that it was able to significantly modify the
observed excess electron density profile. Bromine reacts with cholesterol via an electrophilic
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Label
8pcN ochol
8pc2chol
8pc4chol
8pc2brchol
8pc4brchol

Lipid : CholesterolM olarRatio
8:0
8:2
8:4
8 : 2(brominatedcholesterol)
8 : 4(brominatedcholesterol)

Table 2.1: Unilamellar lipid vesicles

halogenation reaction where the carbon-carbon double bond in cholesterol allows the addition
of two bromine atoms. This reaction is shown in Figure 2.4. The double bond in carbon is
now polar due to induced dipole electrophilic addition of bromine molecule.

Figure 2.4: Bromination reaction with cholesterol molecule
The measured SAXS intensity from liposome labelled 8pc2chol is shown in Figure 2.5.
The blue cutout region is the beamstop which was masked from the data analysis. The
scattering intensity plot shows an azimuthally isotropic pattern with a well-defined ring
of scattering. Since the samples were isotropic, the scattering was radially averaged over
azimuthal angle to obtain the intensity as a function of the magnitude of the scattering
vector q as depicted in Figure 2.6. The upper blue line shows the raw scattering from the
sample and the red dashed line the background from water. We obtained scattering from
liposome by subtracting the scattering from buffer solution after normalizing the intensity
of buffer to that of liposome at higher q region. The black squares in Figure 2.7 line shows
the background subtracted signal.
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Figure 2.5: 1024 x 1024 CCD camera image of X-ray scattering from 8pc2chol vesicle.
The main features of the data are an initial falloff of intensity to a minimum at q=0.035
Å−1 and then a broad peak in the scattering occurring at around 0.096 Å−1 . The minimum in
the scattering intensity does not go to zero, indicates an asymmetry in the electron density
profile as been noted by Kuc̃erka et al. [66]. The data were fit using three Gaussians which
in principle involve nine free parameters, an amplitude, a position and a width for each
Gaussian. The position of the central Gaussian was arbitrarily set to zero, since the fit
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Figure 2.6: Radially integrated image of 8pc2chol (blue solid line) and radial integrated
image of buffer (red dashed line).
only depends on the differences which leaves us seven free parameters. Furthermore, the
amplitude parameter is also arbitrary, since the overall intensity scale cannot be determined.
We cannot determine the overall symmetry of the profile, so the inner and outer leaflet
positions could be flipped and still yield the same quality fit. The Gaussian parameters were
varied using a non-linear least squares minimization routine to obtain the best agreement
between the predicted and measured SAXS pattern.
The best fit to the SAXS data for 8pc2chol is shown as the red line in Figure 2.8. Similarly,
we reduced and fit 8pc4chol and 8pcN ochol data as shown in Figure 2.9 and Figure 2.10
respectively. However, 8pcN ochol data was fit using five Gaussians as we think we have more
than one bilayer and we use inner three Gaussians to compare liposomes with cholesterol.
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Figure 2.7: Scattered intensity of 8pc2chol(black squares) after background subtraction
The real space profile corresponding to respective fits is shown in Figure 2.11. The
parameters corresponding to the fit are shown in Table 2.2. It is possible to obtain more
than one real space profile whose fit is consistent with the small angle scattering data.
Consequently, we selected a real space profiles out of the possible fits, which made the most
physical sense. Overall, the fit shows two regions of excess electron density corresponding
to the excess density associated with the phosphate in the head groups, and a region of
lower density, corresponding to the overall lower electron density in the region of the two
lipid tail groups. The current measurement does not have the resolution to distinguish the
methyl dip region between the tail groups typically seen in diffraction studies. This structure
corresponds approximately to the more accurate density profiles obtained using diffraction
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Figure 2.8: Scattered intensity of 8pc2chol(black squares) after background subtraction and
fit(red solid line)
in the multilayer phase by Chu et al. [51] and also with results found by Brzustowicz and
Brunger for SAXS from pure SOPS vesicles [52]. The two lipid head groups for 8pcN ochol
are separated by 37.22Å. The lipid head group distance agrees with literature values. For
example, Balgavý et al. [67] have reported Egg PC liposomes to have head to head distance
of 35Å. Egg-PC is usually in a liquid state because its a lipid with a mixture of different
chain lengths and is expected to be thinner than pure DPPC in a gel phase [68]. Kuc̃erka et
al. have reported a lipid head to head distance of 32Åfor ULV for mono-unsaturated lipids
diC16:1PC [59]. Plesner and Hecksher [69] report a pure DPPC lipid in ULV has head to
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Figure 2.9: Scattered intensity of 8pc4chol(black squares) after background subtraction and
fit(red solid line)
head distance to be within 33.8Åand 44Å. DPPC in the gel phase is expected to be thicker
than Egg-PC which is in the liquid state.
As we add cholesterol, it is expected to increase the thickness between the bilayer. For
8pc2chol, the distance increased to 47.9 Åand for 8pc4chol, the distance increased to 49.37
Å. This is expected as the amount of cholesterol increases, the lipid membrane tail groups
become closely stacked and gel like structure thus increasing bilayer thickness. The same
Sample
8pcN ochol
8pc2chol
8pc4chol

ρ1
σ1
1
ρ2
σ2
2
0.33 ± 0.17 3.00 ± 0.00 −28.80 ± 2.4 −0.06 ± 2.94 5.05 ± 5.30 0
0.25 ± 0
7.27 ± 1.03 −25.41 ± 3.07
−1.00 ± 0
3.00 ± 0.00 0
0.28 ± 0.03 7.71 ± 2.41 −23.35 ± 4.41
−1.00 ± 0
3.00 ± 0
0

ρ3
σ3
3
0.41 ± 0.92 8.43 ± 6.01 8.41 ± 29.88
0.81 ± 0.17
3.00 ± 0
22.49 ± 1.71
0.60 ± 0.55 3.00 ± 0.0 26.01 ± 2.63

Table 2.2: Fit parameters for samples
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Figure 2.10: Scattered intensity of 8pcN ochol(black squares) after background subtraction
and fit(red solid line)
effect has been shown by Smondyrev et al. who have used molecular dynamics simulation
to compare high and low ratios of cholesterol in a pure DPPC vesicle [70]. We also notice
asymmetry in area under head groups. This can be accounted by asymmetrical distribution
partitioning of cholesterol, that is, more cholesterol appears on one leaflet than the other.
One likely cause of the asymmetry in cholesterol partitioning could be the curvature of
the liposome. The outer leaflet will experience a positive curvature and the inner leaflet
a negative one, affecting the relative packing of the head and tail groups of the leaflet. If
both leaflets have identical composition, they cannot both simultaneously satisfy the optimal
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Figure 2.11: Electron density profile of 8pcN ochol (black), 8pc2chol (blue), 8pc4chol (red)
Sample
8pc2brchol
8pc4brchol

ρ1
σ1
1
ρ2
σ2
2
0.50 ± 0.07 6.61 ± 1.13 −22.40 ± 1.28 −1.00 ± 0.00 4.39 ± 0.86 0
0.70 ± 0.05
3.00 ± 0
−21.15 ± 1.15 −1.00 ± 0.00
3.00 ± 0
0

ρ3
σ3
3
0.82 ± 0.21 3.00 ± 0 28.36 ± 0.68
0.53 ± 0.07 3.00 ± 0 31.53 ± 0.77

Table 2.3: Fit parameters for brominated samples
head group to tail group size ratios [71]. There is significant evidence in the literature that
cholesterol prefers high negative curvature found in the inner bilayer leaflet [30].
In order to further test this hypothesis, we have brominated cholesterol with same molar
ratios as unbrominated samples. Interestingly, the addition of bromine does not just label
the cholesterol, but appears to have a significant effect on the bilayer structure as well. The
fit to 8pc2brchol is shown in Figure 2.12 and fitvalues are shown in Table 2.3 and gives
qualitatively reasonable results. We observe an increase in head to head distance to 50.77Å
compared to unbrominated sample as shown in Figure 2.13. Bromine, a heavy and polar
molecule attaches to the carbon double bond in cholesterol increases bilayer thickness. The
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fits also show extra density on one side of the headgroups, which is consistent with our
hypothesis that all the bromine is partitioning to a single leaflet of the bilayer. Fit from
8pc4brchol are shown in Figure 2.14 and shows similar pattern as 8cp2brchol, an increase in
bilayer thickness to 52.68Å as shown in Figure 2.15.
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Figure 2.12: Scattered intensity of 8pc2brchol(black squares) after background subtraction
and fit(red solid line)
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Figure 2.13: Electron density profile of 8pc2chol(black solid line) and 8pc2brchol(magenta
solid line)
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Figure 2.14: Scattered intensity of 8pc4brchol(black squares) after background subtraction
and fit(red solid line)
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CHAPTER 3
ALPHA CRYSTALLIN

3.1

Introduction

The human eye lens is a biconvex, colorless and transparent structure that is located
behind the pupil-iris diaphragm. The major role of eye lens is to form a high refractive
transparent medium so that the lens can help refract light and focus images on the retina.
The high refractive medium ranges from 1.37 to 1.44 and is achieved by heavy molecular
weight aggregates of water soluble proteins formed in the lens [72]. The lens is mainly
composed of three proteins: alpha, beta and gamma crystallin. Alpha crystallin, composed
of two types of subunits αA and αB crystallins, is the most abundant and has a molecular
mass of about 800-1200 kDa [73]. Alpha crystallins are members of small heat shock protein
that act like chaperones and are primarily responsible in preserving lens transparency by
conserving proteins in their original state [74]. The eye lens is also avascular and because
there is no protein turnover, as the lens age, proteins form larger aggregates and form cloudy
lens obstructing images and cause cataract. Due to cataract, one can have complete visual
impairment as the disease progresses and the lens becomes obscure [75].
Young and healthy lenses are soft and flexible thus allowing them to adapt their shape to
focus in order to produce sharp close-up, as well as distant images. Upon aging, however, the
nucleus of the lens loses its flexibility and becomes increasingly stiff [76]. Stiffness doesn0 t
allow the lens to accommodate and can shift near objects to focus behind retina as shown
in Figure 3.2. While distant vision remains unaffected by the stiffening of the lens, focusing
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up close becomes more and more difficult. This stiffening of the lens nucleus is known as
presbyopia and while the molecular origin is not well understood, it is likely related to a
change in the fluidity of the protein suspensions that form the lens [77].
Since the human lens has high concentrations of proteins, small thermodynamic changes
can alter the relative proportions and concentrations of proteins. This can result in equilibrium phase like crystallization of proteins and lead to increased light scattering in lens.
Apart from phase separation, there are also non- equilibrium dynamical transitions like glass
formation and gel formation that can occur at high protein concentrations. Glass formation
or gelation could stiffen the lens and lead to presbyopia [78, 79, 80]. There has been a significant progress made in understanding the kinetics and dynamics of glass transition in simple
colloidal fluids. Theoretical models and molecular dynamics simulations for colloidal systems
have been examined for latex spheres or silica nanoparticles, in particular, for hard sphere
fluids [81, 82]. In this chapter, we report dynamical studies of very high concentrations of
alpha crystallin.
The static structure of alpha crystallin protein solutions has been extensively studied
and can be described by hard sphere models with the addition of weak attractions. Foffi et
al. [78] studied both the structure and the dynamics of concentrated suspensions of alphacrystallin using viscometry, small angle neutron scattering and dynamic light scattering.
They showed that the viscosity properties of concentrated suspensions up to 330mg/ml
could be described very well using the theory for hard sphere colloids that approached glass
transition at critical volume fraction of φ = 0.579. They also measured the intermediate
scattering function (ISF) using dynamic light scattering (DLS). The measured ISFs were
found to be in good agreement with their predictions of molecular dynamics (MD) theory
for hard sphere colloids. Since they measured ISFs using DLS, the results are limited to
q values of 0.0023 Å−1 , corresponding to length scales ∼ 2π/q = 28 Ådue to the visible
light range. This was above the largest length scale which could be modeled using MD.
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Furthermore, the most relevant length scale for testing theories of protein dynamics are
the wave vectors corresponding to the peak in the static structure factor of the proteins,
which corresponds to the protein-protein nearest neighbor distance q ∼ 0.044Å−1 , and are
beyond the range of light scattering. Bucciarelli et al. [83] have studied dynamics of alpha
crystallin suspensions at large wave vectors by neutron spin echo (NSE) measurements but
NSE probes short time diffusions, typically of order microseconds or less. They compared
their measurements to the initial fast decay of the ISF and found good agreement with hard
sphere dynamics but could not access the long time tail of the ISF which dominates the
dynamics near the glass transition.

3.1.1

Radiation damage to alpha crystallin

Radiation damage to alpha crystallin needs to be addressed as we use intense coherent
x-ray beams to study dynamics and the intense beam intensity can cause radiation damage,
thus modifying the structure of proteins. While damage that causes visible changes to the
protein form factor can be a problem at high fluxes, less obvious forms of damage can
still cause protein aggregation. Proteins in an aqueous solutions are much more sensitive
to x-ray damage than crystalline samples because x-ray irradiation in solutions happens
+
by ionization of water which produces free radicals such as H2 O2 , H2 , OH, e−
aq and H

which then attack the protein and can result in protein aggregation [84]. As majority of
x-ray damage occurs through this secondary action, the effect of radiation damage can be
significantly reduced by using antioxidants such as vitamin C or dithiothreitol (DTT). These
reducing agents provide protection to proteins by acting as scavengers against free radicals
[85]. Apart from using antioxidants, other additives used to mitigate damage to proteins
include adding of cryoprotectants like glycerol. Cryoprotectants on the other hand interact
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with hydroxyl radicals and electrons produced by x-ray radiation and affect protein-protein
and protein-water interactions [86]. Previous studies of x-rays damage to proteins have been
performed and the critical radiation dose that can modify a protein form factor has been
calculated. Small angle x-ray scattering (SAXS) measurements were reported by Kuwamoto
et al. [87]. They studied dilute suspensions of globular protein (lysozyme) solutions as a
function of protein concentration and x-ray flux. SAXS measurements are sensitive to protein
aggregation which would effect protein diffusion dynamics. They found that aggregation
initiated only after a critical onset dose of 400 Gy. The addition of cryoprotectants was
found to increase critical onset dose up to ∼1200 Gy. Fischetti et al. measured wide angle
x-ray scattering (WAXS) from haemoglobin as a function of radiation dose [88]. They found
significant changes in WAXS when the sample container was not oscillated through the beam.

3.2

Experimental Material and Methods

Alpha crystallins were prepared at Dr. George Thurston’s laboratory at the Department of Physics, Rochester Institute of Technology (RIT), Rochester, New York. Alpha
crystallin suspensions were prepared from bovine eye lenses by first homogenizing the lens
cortex and then extracting the alpha crystallin proteins with use of size exclusion chromatography. Proteins were suspended in phosphate buffer with a 20mM concentration of
antioxidant dithiothreitol (DTT). Suspensions of varying concentration were prepared from
a stock solution of alpha crystallin at 100 mg/ml and then concentrated by centrifugation
procedure that removes buffer. Mass fractions were calculated from changes to the weight
of the solution. Concentrated suspensions up to 401 mg/ml were prepared in this manner.
SAXS and XPCS measurements were performed at sector 8-ID-I of the Advanced Photon
Source. Crystallin suspensions were filled into 1 mm diameter glass capillaries via centrifu-
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gation, and scattering was measured in transmission through the capillaries. Measurements
were made using an x-ray energy of 7.35 keV. Focusing was accomplished using a Be compound refractive lens located 1.1 m upstream of the sample. The vertical beam size on the
optic was set to 60 µm leading to an approximately diffraction limited beam at the sample of 4 µm. The horizontal beam size was set using slits directly in front of the sample
to 20 µm. First, SAXS measurements were taken over a range in scattering vector from
q = 0.01 to q = 0.07Å−1 . It was not possible to obtain reliable SAXS data at smaller q due
to background scattering from the glass capillaries. For SAXS data a relatively slow (3 second per frame) Princeton Instruments CCD camera was used with 1340×1300 20µm×20µm
pixels. Later, XPCS was measured at a wave vector q centered on the peak of the measured
structure factors. In order to optimize the signal to noise ratio (SNR) for XPCS, the beam
was focused vertically. Vertical focusing has a negligible effect on the static scattering, but
increases the SNR for XPCS. This is due to two effects. First, the spatial resolution of the
detector is limited to the size of the detector pixel (75 µm square). Since the speckle size is
inversely related to the illuminated sample size, if the dimensions of the illuminated sample
area exceed around 20 µm then the speckles become smaller than the detector pixels, and
the contrast of the speckle pattern will be reduced. Secondly, even if the speckles are fully
resolved by the detector, focusing the beam on the sample has the effect of concentrating
the same flux into fewer speckles increases the SNR [89]. For XPCS measurements a custom
pixel array detector called UFXC32k (operating in single photon counting mode) was used
with 256(vertical)×128(horizontal) 75µm×75µm pixels capable of a frame rate of 11000 fps
[90, 91].
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3.3

3.3.1

Data Analysis and Results

X-ray dose calibration and DLS Results

Typically when x-rays are encountered by a sample, the intensity of x-rays transmitted
is proportional to the distance x and incident intensity I0 photons per second.
Ix = I0 e−µx

(3.1)

where µ is the attenuation length. The absorbed radiation dose, D, units of Gray (J/kg), for
a sample of thickness d, cross section A, and average density ρ exposed to x-rays of energy
E with exposure time T is given by

D=

I0 ET
(1 − e−µd ).
ρdA

(3.2)

Here, µ can be expressed in terms of the partial mass attenuation constant for a protein
with v being partial specific volume of protein, and c is the concentration of the protein in
solution measured in mg/ml.

µ=

µ
ρ

!

µ
ρp (vc)p +
ρ
p

!

ρw (1 − vc)p

(3.3)

w

and the average density for a protein water mixture is given by

ρ = ρp vc + ρw (1 − vc)

(3.4)
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For an x-ray incident beam with horizontal size H (x-direction), vertical size W (zdirection) and sample that is translated horizontally with velocity vx , absorbed Dose at the
front of the sample is expressed by [92]

D=

I0 Eµ
W vx

(3.5)

For the experiments conducted at 8-ID-I, APS, the average dose to the sample was
D ≈ 7 × 103 Gy for E = 7.35 keV, I = 6 × 1010 phot/s, vx = 0.05mm/s and the horizontal slit
size H = 10 µm. Translation of the sample limits the longest relaxation time that can be
measured to the time it takes the sample to move through one horizontal coherence length,
ξh , of the beam. For the current measurements, we had ξh ≈ 30µm so the slowest dynamics
that could be measured was τmax ≈ 0.6s.
To address the issue of radiation damage, DLS can be used to probe larger length scales of
structure and dynamics of protein samples. In order to compare to the studies from XPCS,
samples were irradiated with fixed radiation doses using

137

Cs source with a calibrated flux

of 1.8Gy/min. A sample was prepared with a concentration of 200 mg/ml alpha crystallin
and with 20 mM DTT. DLS measurements were performed after 1, 10 and 100 hours of
exposure corresponding to doses of 1.1 × 102 , 103 and 104 Gy. Figure. 3.1 shows that the
DLS g2 curves are not visibly modified by these levels of radiation exposure.

3.3.2

SAXS Results

As discussed in Chapter 1, The x-ray scattering intensity from SAXS measurements
reveals information to analyze the static structure of proteins in a solution. Here, we deal
with proteins in a wide range of concentrations, from dilute 44.5mg/ml to concentrated
401mg/ml where structure factor S(q) plays an important role. Structure factor can be
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Figure 3.1: Comparison of DLS measurements after 1.1 × 102 Gy (blue solid), 1.1 × 103 Gy
(red dash), and 1.1 × 104 Gy (black dash-dot) of gamma ray exposure exposure.
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used to determine the volume fraction occupied by proteins and allows direct comparison
with the volume fraction parameter φ from hard sphere theory. The SAXS data along with
fits(solid lines) are shown in Figure 3.2. The data were fit to an analytic hard sphere model
for I(q) given by Vrij, [93] employing analytic integrals obtained by Griffith et al [16]. Two
separate sphere radii were used in the model, one radius for the form factor of the proteins,
and a second radius describing the hard sphere interaction radius between proteins. The
polydispersity was taken to be the same for both radii. The radius describing the form
factor of the proteins was found to be 63 ± 1 Å while the the protein-protein hard sphere
interaction radius came out to be 78 ± 3 Å. The polydispersity needed to fit the data was
18.3 ± 1.3%. Excess scattering at small q resulting from parasitic scattering due to the slits
and glass capillary was excluded from the fits.
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Figure 3.2: Fits to the scattering intensity from alpha crystallin suspensions vs. concentration. In order of largest to smallest intensity at low q, 44.5 mg/ml, 89 mg/ml, 250 mg/ml,
290 mg/ml, 300 mg/ml, 310 mg/ml, 320 mg/ml, 324 mg/ml, 325 mg/ml, 340 mg/ml, 347
mg/ml, 375 mg/ml, 379 mg/ml, 393 mg/ml, and 401 mg/ml.

measured weight fraction (mg/ml)
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Figure 3.3: Variation in the best fit value of the volume fraction with mass fraction
Volume fractions obtained from fits are plotted against concentration as shown in Figure
3.3. Volume fractions were calculated by multiplying the measured weight fraction with the
estimated partial volume fraction obtained from all the fit data. This value was 1.5 ± 0.11 ×
10−3 ml/mg, which differs significantly from that obtained by Foffi et al. of 1.7×10−3 ml/mg
[78]. This difference may be from the high polydispersity of the alpha crystallin proteins so
that their size and partial volume distribution can depend on the methods used for isolation
of the protein. Indeed we have found that proteins isolated using different sets of columns
could show significantly different average radii.
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3.3.3

XPCS Results

Once the static analysis from SAXS data has been done, we measured dynamics from
protein samples using x-ray photon correlation spectroscopy (XPCS). Data were measured at
a wavevector q centered on the peak of the measured structure factors. The resultant time
correlation functions were calculated from the sequence of detected frames via Equation
given below:

g2 (q, τ ) = hI(t, q)I(t + τ, q)i / hIi2 .

(3.6)

g2 (q, t) is related to intermediate scattering function f (q, t) of the sample via the Siegert
relation g2 (q, t) = 1+βf (q, t)2 where β is the optical contrast. The correlation functions were
integrated over a range of wavevectors ∆q/q ≈ 20% which covered the width of the peak.
Protein suspensions with concentrations of 350 mg/ml and volume fractions (φ = 0.49) and
below showed g2 functions indistinguishable from unity. We believe this is due to dynamics
being faster than the time resolution of the camera. The shortest time correlations that could
be measured were determined by the frame acquisition rate of the camera of 11000 fps. In
order to improve statistics, correlation functions for longer delay times were binned using a
multi-tau algorithm [94]. Figure 3.4 shows the measured correlation functions for the three
most highly concentrated suspensions we produced. These had concentrations of 375, 393
and 401 mg/ml corresponding to volume fractions of 0.55 ± 0.04, 0.58 ± 0.05, 0.59 ± 0.05 all
in the close vicinity of the theoretical hard sphere critical volume fraction of φ = 0.579. The
uncertainty estimates here are due to uncertainty in the conversion between mass fraction
and volume fraction rather than uncertainties in mass fraction. Thus the ordering of the
concentrations is likely correct even though it is smaller than the noted uncertainty.
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Figure 3.4: g2 functions from concentrated suspensions, together with stretched exponential
fits. Green circles 375 mg/ml, red triangles 393 mg/ml, black squares 401 mg/ml. The
dashed line represents the cutoff to the measured correlation functions due to sample motion
as described in the text.
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Dynamics measurements were performed with continuous sample motion to minimize
x-ray damage. In order to make sure that the contrast we obtained is from the dynamics of
sample, we also measured dynamics for 72nm radius polystyrene latex sample suspension in
glycerol. The correlation functions would truncate at long times due to sample motion. An
estimate of the decorrelation effect due to sample motion can be estimated by assuming a
Gaussian profile for the vertical beam illumination on the sample, and then calculating the
fractional area overlap between the initial time t and the correlated time t + τ . For a vertical
beam profile described by I(z) = exp(−z 2 /2σ 2 ) and a vertical velocity of vz , the additional
decay due to incomplete overlap of the initial and final illuminated areas is then given by
f (τ ) = exp[−(vz τ )2 /4σ 2 ]. This decorrelation effect is shown as dashed line in Figure 3.4.
This time is larger than the slower relaxation time found in the samples and therefore we
can conclude that the measured decay time is a property of the samples and not from to the
sample motion.
Near glass transition, the ISF is supposed to exhibit two decay modes. The two step
decay is due to the caging effect from the surrounding particles. The initial decay which
is at the short decay time is called the β relaxation and is due to the diffusion of proteins
within their nearest neighbor. At longer times, the proteins are released from its cage and
the decay of plateau happens at large delay times, also referred as α relaxation. As the
concentration increases, the α relaxation time increases to longer time leading to slower
dynamics in protein solution. The α relaxation rate for hard-sphere colloid is predicted in
theory [95] and measured experimentally [96] and is found to be in the order of microseconds
which is too fast to be seen by the present XPCS measurements. So, the best model which
assumes alpha relaxation is Kohlrausch model as shown Equation 3.7 where fα is called the
non-ergodicity factor. The correlation functions for the three different concentrations were
all fit with the same total contrast of β = 0.17 obtained from measurement of latex sample.
The correlation function data were fit with stretched exponential fit using Kohlrausch model
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by varying fα and τα but fixing βα to 0.5 based on the calculation by Foffi et al. [97]. The
resulting parameters are shown in Table 3.1.





f (q, t) = fα exp −t/τα )βα .
mg/ml
401
393
375

VF
0.59
0.58
0.55

fα
.89 ± 0.03
0.76 ± 0.04
0.41 ± 0.06

(3.7)

τα
.18 ± .02
.09 ± .01
.009 ± .003

Table 3.1: Parameters from exponential fits to g2 functions as defined in Equation 3.7

CHAPTER 4
CONCLUSION AND OUTLOOK

4.1

Conclusions

The experimental work described in this thesis involved using X-ray scattering techniques
to study structure and dynamics of unilamellar liposomes and alpha crystallin proteins.
In Chapter 2, we used SAXS to describe structure of unilamellar liposomes with varying
cholesterol composition. We were able to locate cholesterol within a liposomal bilayer using
brominated cholesterol. We observe that the cholesterol may be located to one side of
the leaflet, most likely due to the curvature of the lipid bilayer. In Literature, studies on
curvature effect have reported that varying the lipids, ionic interactions and pH conditions
can affect the curvature and asymmetry of a spherically organized lipid bilayer [98, 99, 100].
In this project, the liposome formulation used was a simple two-component system in order
to better understand the location of cholesterol within the lipid bilayer and the role it can
play in an ocular drug delivery system. Our data are most consistent with the notion that
cholesterol does not partition equally between the two bilayers, but rather is concentrated
to one leaflet of lipid bilayer. This is consistent with studies where asymmetry was found to
be occurring in biological systems [101, 102, 103].
It is possible, that the addition of bromine may cause cholesterol to prefer one side of bilayer leaflet, rather than the spontaneous effect of the formation of a spherical vesicle trying
to correct for the stress upon the curvature. The results for non brominated cholesterol give
some support to the partitioning of cholesterol, due to the asymmetry in the head group
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areas, but it is not as strong as the brominated evidence. However, future studies are addressing this concern to obtain qualitative and quantitative observations and measurements
for liposomal formulations. We can use the understanding of how the bromination affects
the location of the cholesterol to tailor liposomal systems. The applications of such tailoring
would be beneficial in many areas of study. These could include several subsets of nanotechnology outside of ocular drug delivery. Including, but not limited to, fuel cell applications,
biomedicine, solar technology and pharmaceutical development.
In chapter 3, we used SAXS and XPCS to study the structural and dynamics of alpha
crystallin protein solutions for concentrations that are physiologically present in human eye
lens. First, we inspected the effect of radiation damage on alpha crystallin proteins and
obtained a threshold dose that would effect dynamics mainly due to protein aggregation.
We show, that we can perform measurements without any changes in dynamics by using
antioxidants for doses upto 104 Gy. Later, we studied dynamics using XPCS and our results
have extended measurements of the dynamic structure factor of concentrated suspensions
of alpha crystallin to a factor of 20 times larger wave vector, and in particular to wave
vectors corresponding to the peak in the static structure factor, where MD simulation results
are much more reliable. We find relaxation times of order 1,000 faster than obtained by
DLS, which is consistent with the large q values and the predictions of MD. We also find
a decay consistent with stretched exponential decay, which is expected for a concentrated
colloidal hard sphere suspension near its glass transition point. Our results obtained a
good agreement with hard sphere colloid MD simulations and our study for using XPCS to
study dynamics have overcome difficulties associated with radiation damage, fast relaxation
times and extremely small signal to noise ratios. These results indicate that XPCS has
the potential to become a valuable tool for characterizing protein dynamics in molecularly
crowded environments. In particular it is becoming clear that through a combination of
different techniques such as DLS, XPCS and NSE it is now possible to access the dynamics
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of proteins over a wide range of length scales and time scales providing a much more complete
picture of their motion in crowded conditions and a stringent test on theoretical models of
their dynamics.

4.2

Outlook

The ability to study both structure and dynamics in the alpha crystallin system provided much more information than either technique by itself. It would have been also useful
to study dynamics as well as structure for the liposomal systems, but this is not yet technologically feasible. Lipid membranes are not static objects, but undergo intense thermal
fluctuations. Fluctuations can significantly modify their structure and their interactions
with the environment. In particular, since the environment of a biomimetic membrane may
differ from a living cell membrane, environmental factors may modify thermal fluctuations
leading to important differences in functionality. Dynamics in membranes have been studied by a number of techniques. Slow, large length scale membrane fluctuations have been
directly imaged with optical microscopy, and dynamic light scattering. Molecular length
scale fluctuations have been measured using neutron spin echo and X-ray photon correlation
spectroscopy (XPCS). No probe, however, has, so far, been able to access nanoscale fluctuations in the microsecond to millisecond regime, which is perhaps the most important part
of fluctuation spectrum. A serious limitation of XPCS is that it requires intense source of
coherent x-rays and frequently there is insufficient coherent flux to characterize the intensity of a speckle over the time it fluctuates. The solution to this problem has been to use
a detector which can collect of order of millions pixels simultaneously. Thus, even though
the intensity within a particular speckle may be low, the time fluctuations of the speckle
pattern can be determined to high accuracy by averaging over many pixels and over a large
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number of camera exposures. The new generations of fast cameras has improved readout
speeds to of order a few milliseconds but, at present, if one needs to measure faster than a
millisecond; one can switch to a point detector. A design where every sensor connected to
its own read out circuit can be solution. The disadvantage of a strip detector is that it is
only a one-dimensional, rather than a two dimensional detector. However, by matching the
strip detector to a 1-D focusing geometry in the x-ray beam line, one can compensate for
the decreased number of pixels relative to a two-dimensional detector by creating elongated
speckles and using a strip detector with asymmetric pixels tailored to match the speckle
size. This increases the number of photons per speckle, resulting an increase in signal to
noise ratio. Such a detector would provide improved signal to noise with a measurement
range down to around of order a microsecond. Initial measurements will then examine the
dynamics of multilayers of lipid membranes. These systems are easy to fabricate and give
strong signals due to the large number of layers. Once these systems have been studied,
measurements will be made on single bilayers supported above a solid substrate using a soft
cushion material to allow thermal fluctuations to develop. These measurements will yield
detailed information about the thermal fluctuations in biomimetic membranes and allow an
analysis of potential differences between artificial membrane systems and living cell membranes due to difference in thermal fluctuations. Such measurements will also provide insight
in how thermal fluctuations affect the function of living cell membranes.
A split and delay is an alternative that can measure dynamics from picoseconds to
nanoseconds regime. These time scales can be achieved by XPCS with the latest upgrades at
APS (APS-U) and other facilities like European Synchrotron Radiation Facility (ESRF) that
would increase coherent flux by 2 orders of magnitude [104]. Split and delay is a time-delayed
beam splitting method that is similar to that of the classical Michelson interferometer that
splits x-ray pulse into two equal intensity pulses and arrive a sample separated in time.
The scattering from both pulses delayed in time can be correlated and this lets us achieve
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nanosecond dynamics [105]. The four-crystal split and delay line requires very thin diamond
crystals at different orientations (001), (110) and (224). Manufacturing and handling ultra thin crystals around 30 µm without introducing crystal damage and without introducing
crystal lattice strain free becomes a huge problem [106]. We were able to work with Shvyd’ko
and team from APS to characterize the quality of uniform diamond crystals using sequential
x-ray Bragg diffraction topography at 1-BM beam line at APS. In this technique, Bragg
reflection images of a crystal at different incidence angles were measured. We were able to
successfully produce and test ultra thin strain free diamond crystals in (100) orientation.
Ultra thin diamond crystals to be used as x-ray optics elements opens up new opportunities
for the next generation synchrotron radiation sources. With the opening and planning of
x-ray sources which promise orders of magnitude increases in coherent flux and with the advent of detectors with sub-millisecond readout times of megapixel arrays future experiments
on protein dynamics will have the ability to measure faster dynamics with better signal to
noise and from lower scattering cross section materials.
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